ABSTRACT Using radiances acquired with Cassini's Visual and Infrared Mapping Spectrometer (VIMS), we construct high solar phase angle curves for Saturn's second largest moon, Rhea. Ground-based studies of Rhea and Saturnian icy satellites are focussing on low phase angles; to our knowledge, these are the first solar phase curve data for Rhea on phase angles 170Њ. We compare these data to similar phase curves for Enceladus at near-infrared wavelengths to estimate the amount of water vapor that could possibly be generated and thus set an upper limit on the amount of geologic activity that may be occurring on Rhea. We find that Enceladus's plume manifests itself in the VIMS solar phase curve at a phase angle near 160Њ and peaks most strongly for mm. l p 2.017810 No such peak can be found in the Rhea VIMS phase curve. Absence of a forward scattering peak supports the recent determination that particles in Rhea's surrounding ring are not small. We calculate that the maximum water vapor column density that could be supplied from Rhea ranges from to cm Ϫ2 , 2 14 15
1. INTRODUCTION 
Evidence for Activity on Icy Satellites
The Cassini-Huygens mission is currently exploring Saturn and its icy satellites to infer their internal structures and geological histories and activity. Of the Saturnian icy satellites (Mimas, Enceladus, Tethys, Dione, Rhea, Titan, Hyperion, Iapetus, and Phoebe), Titan and Enceladus are known to be geologically active. Evidence for erosion by liquid and winds, tectonism (e.g., mountains and ridges), and, to lesser degrees, cryovolcanism and impact cratering processes, have been noted on Titan (Stofan et al. 2006; Barnes et al. 2007; Radebaugh et al. 2007 ). The narrow size distribution of H 2 O ice particles (0.3-3 mm as measured by the Cassini Dust Analyzer [CDA] ) in Saturn's tenuous E-ring suggests that, unlike Saturn's F-and G-rings, which are thought to be made of collisional debris, a particular source of water must be responsible for maintaining the E-ring (Jurac et al. 2001) . The E-ring, extending from 3 to 8 R Saturn ( km) , is believed to be actively and 1 R p 60,268
Saturn dominantly supplied by H 2 O ice particles in geyser-like plumes ejected from "tiger stripe" cracks in the surface of Enceladus (Hansen et al. 2006; Brown et al. 2006; Dougherty et al. 2006; Jones et al. 2006; Porco et al. 2006; Spahn et al. 2006; Spencer et al. 2006; Tokar et al. 2006; Waite et al. 2006 ). Enceladus's plumes may be feeding Saturn's OH torus as well (Shemansky et al. 1993; Richardson et al. 1998; Johnson et al. 2006 Brown et al. 2004 ), which provides intensity over flux spectra for all of the icy satellites (Filacchione et al. 2007 ) and the radiance information necessary to construct solar phase curves, has detected alternating bands of crystalline and amorphous water ice on and within the tiger stripes, further suggesting active geologic processes on Enceladus (Brown et al. 2006; Newman et al. 2008) . At high phase angles, light emanating from the satellite itself does not contribute; therefore, in a VIMS solar phase curve of Enceladus, plume activity can be seen as a peak beyond ∼150Њ-155Њ. Forward scattering due to fine grains of water ice contributes to the plume peak; H 2 O vapor may also be mixed with the plume material. There are also indications that other Saturnian icy satellites may be geologically active. The strongest evidence is the detection of plasma transported from Tethys and Dione (Burch et al. 2007 ). Plasma tori around moons can result from volcanoes (e.g., Io's plasma torus first detected by Kupo et al. [1976] and also seen by Voyager 1), and dynamics of volcanic plumes can be affected by plasma arcs (e.g., Gold 1979; Perrat & Dessler 1988) . In the report by Burch et al. (2007) , doublepeaked ("butterfly") pitch-angle distributions of electrons were found in Saturn's inner magnetosphere; when a dipole magnetic field was assumed, higher energy electrons were traced back to Dione (6.26 R Saturn ) and lower energy electrons were traced back to Tethys (4.88 R Saturn ). The presence of geologic sources on Tethys and Dione may be investigated more conclusively with MAG in future, close-range Cassini flybys; however, such measurements do not preclude searching other data sets for evidence of geologic activity similar to that seen for Enceladus in these and other icy satellites. In this work, we take advantage of newly available Cassini VIMS radiance data of Rhea at over twice the range of phase angles previously measured by groundbased or spacecraft observations to search for subtle signs of geologic activity on Rhea, which has "wispy" (faulted) terrain similar to that of Dione. l p 1.804010 Rhea and Enceladus VIMS radiances (every fifth data point plotted). Solid line: Third-order polynomial fit to Rhea data. Dashed lines: (polynomial fit to Rhea data) ‫3ע‬ j. Enceladus's plume can be seen as a peak at ; a p 159.0Њ the ratio of the Enceladus and Rhea data at that angle is 7.8226187. mm. The ratio of Enceladus l p 2.232820 to Rhea data at the plume peak angle is 22.578825. a p 159.5Њ
Investigating Activity on Rhea with Cassini VIMS
Nine targeted Cassini flybys and close serendipitous encounters of Enceladus, Phoebe, Iapetus, Tethys, Dione, Hyperion, and Rhea have already occurred, and many "Voyager class" and distant Cassini encounters have occurred for these moons and Mimas. The VIMS team has cataloged spectral data for these objects. VIMS is an imaging instrument consisting of two integrated, bore-sighted slit-grating spectrometers with separate reflecting telescopes; the combined spectral range that both VIMS detectors covers is mm. Spatial resl ∼ 0.34-5.1 olution is as high as 0.25 mrad in the mm region and l ∼ 1-5 0.17 mrad in the visible. This unprecedented range in wavelength is coupled with a vastly improved range of solar phase angles as compared to Voyager and ground-based observations obtained during the Cassini orbital tour. We have searched the VIMS data set for high solar phase angle observations of all of the icy satellites. In the case of Dione, Tethys, and Mimas, VIMS extends to but does not have solar phase angle coverage past ; therefore, we cannot directly compare these to a ∼ 155Њ Enceladus VIMS data to search for geologic activity at this time. Of the remaining icy satellites, Rhea is particularly well covered by VIMS with a full excursion in solar phase angles from to 160Њ and some additional data at opposition. a ∼ 20Њ Prior to the Cassini mission, the highest phase angle at which Rhea had been observed by ground-based or satellite instruments was (from Voyager narrow-angle camera ima p 68Њ ages; Buratti & Veverka 1984) . Rhea is the second largest of Saturn's ∼60 moons (Voyager imaging radius km 764.4 ‫ע‬ 1.1 [Thomas et al. 2006 [Clark et al. 1986 ]), with three to six different units of terrain (Moore et al. 1985; Plescia 1985; Wagner et al. 2007 and references therein). Because Rhea is densely cratered and shows little evidence that resurfacing has occurred, most thermal evolution modelers have assumed that medium-sized satellites such as Rhea have undifferentiated interiors (see review by Castillo-Rogez 2006), and Rhea is generally considered to be geologically inactive. The latter view is supported by the Cassini UVIS stellar occultation measurement of Rhea, where neutral O was detected in emission but the existence of a plume on Rhea was not observed (Hansen & Hendrix 2007) . However, the surface of Rhea shows evidence for extensional tectonism (Pappalardo 2006) , suggesting past geologic activity due to tidal forces. Because there has only been one UVIS stellar occultation measurement of Rhea and it covered essentially an equatorial ground track, if a small plume existed on Rhea in an area far removed from the equator, it may have gone undetected (n.b., UVIS did not detect plume activity in the first two Enceladus occultations). If, by constructing a high angle solar phase curve of Rhea, we could set an upper limit on the amount of one of the materials correlated with its plume peak (or lack thereof), we can effectively set a lower limit on the amount of geologic activity on Rhea.
OBSERVATIONS AND DATA REDUCTION
By comparing the brightness of Enceladus at its high angle solar phase curve peak to similar data for Rhea, we seek to qualitatively set upper limits on the amount of geologic activity due to tidal forces that may be occurring on Rhea. We first searched for Rhea and Enceladus Cassini VIMS observations from to 180Њ (quarter to new moon, Figs. 1-3 above this range, the Rhea data are from the leading hemisphere. We use data from the VIMS-IR spectrometer only (a detector with a one-dimensional focal plane and two-dimensional instantaneous field of view, spanning mm at a nominal l p 0.8-5.1 spectral sampling of 16.6 nm per band), selecting a subset of the 256 total near-infrared wavelength bands: 0.900753, 0.998820, 1.524210, 1.804010, 2.017810, 2.232820, and 3.596100 mm. The motivation for selecting bands below ∼3.5 mm is a combination of signal-to-noise ratio detector limits and the fact that ice has low albedo and the solar spectrum is low at mm; the bands selected rest in well-behaved, l 1 3.5 smooth wavelength intervals with relatively higher H 2 O ice reflectance. VIMS returns raw data numbers (DNs) for each spectral channel at each spatial pixel, integrated over an aperture. We flat-fielded and background-subtracted this signal and removed single-pixel, single-spectral channel "spikes" due to cosmic rays and radiation from Cassini's nuclear power generators using the VIMS data calibration pipeline. To convert to radiances, we multiplied the DNs by a radiometric response function for each pixel (Brown et al. 2004 , updated by in-flight stellar calibration).
We then removed any remaining instrumental artifacts (McCord et al. 2004) , normalized all the VIMS radiances to 1.0 at , and selected the bands in which the plume of a p 90Њ Enceladus peaks in the solar phase curve (occurring at a ∼ ). The Enceladus plume peak shows up most strongly in 160Њ the mm data and to lesser degrees in the l p 2.017810 l p and 1.804010 mm phase curves. We fitted these Rhea 2.232820 VIMS radiances with a third-order polynomial (fit parameters given in Table 1 ). For Cassini VIMS radiances of icy satellites in general, a reasonable estimate of error is 5%, given that ground-based observational fluxes have error bars on the order of 5% (4% for good photometry) and that for VIMS data of the Galilean satellites, the largest error for mm l p 3.0-3.8 was 5.6% for Callisto (McCord et al. 2004) . From the Enceladus reflectance spectra in Newman et al. (2007) , a reasonable estimate of error for that moon may be on the order of 3%. Assuming a conservative error in the polynomial fits, we take ϩ3 j from the Rhea radiances at as the upper a ∼ 159Њ-160Њ limit of any plume activity that can be detected by VIMS on Rhea.
DISCUSSION
Values are not available for column abundances of H 2 O ice originating from Enceladus or Rhea, but column abundances of the lesser component of the plume on Enceladus, H 2 O vapor, are available. Therefore, we attempt to estimate an experimental upper limit to the amount of water vapor that could potentially arise from Rhea. We relate the maximum VIMS solar phase curve peak height at (E) and H 2 O vapor column dena ∼ 160Њ sity for Enceladus ( ) to the radiance value of the ϩ3 j curve n d fit to the Rhea VIMS data at ∼160Њ (R) to solve for Rhea's maximum possible H 2 O vapor column density, X, using
(1) n X d Hansen et al. (2006) give the column density value for H 2 O from Enceladus as cm Ϫ2 . This value, derived 16 n p 1.5 # 10 d from Cassini UVIS stellar occultation measurements, is for H 2 O vapor integrated along the line of sight from the spacecraft to a star through the atmosphere; X is analogously defined for Rhea and is solved for by means of equation (1). Using equation (1) (Ip 2000) , our estimates are on par with the abundance values for O 2 that is not morphologically associated with Rhea (Hansen & Hendrix 2007) ; thus, we posit that there is little, if any, water vapor directly output from Rhea.
Using these estimates and Figures 1-3 , we can make several arguments. Although Enceladus is likely the primary contributor of material to the E-ring (Pang et al. 1983; Buratti 1988; Verbiscer et al. 2007) , Rhea is in close enough proximity to the outer edge of the E-ring to be a possible, lesser contributor. We have not definitively ruled out Rhea as a contributor (for example, impacts of E-ring particles may kick up particles from Rhea that could be delivered to the E-ring), but we suggest that direct contribution from a plume on Rhea is unlikely, given that the H 2 O vapor column densities we calculate for Rhea are 2 orders of magnitude less than what has been derived for Enceladus. Another feature of the Rhea solar phase curve data is relevant to the recently discovered equatorial debris disk composed of grains to decimeter-sized boulders that surrounds Rhea (Jones et al. 2008) . The absence of a forward scattering peak in Figures 1-3 suggests that any ice particles resident in this ring cannot be smaller than 1.8-2.2 mm; as small particles tend to be forward scattering, this result may further support that study's determination that particles in Rhea's surrounding ring are not small. For mm, the Enceladus peak l p 2.0178 in Figure 2 shows signs of departure beginning at a p , where VIMS phase angle coverage for other Sa-150Њ-155Њ turnian icy satellites cuts off. When phase angle coverage be-L68 PITMAN ET AL.
Vol. 680 yond this point is available, the range might a p 150Њ-155Њ also be used to constrain activity on Dione, Tethys, and Mimas.
CONCLUSIONS
We have constructed the first high solar phase angle curves for Rhea using Cassini VIMS radiances, effectively doubling the known solar phase curve for this object. Comparing to plume activity signatures in Enceladus VIMS phase curves at , we estimate that the upper limit to the column abuna ∼ 160Њ dance of H 2 O vapor that could originate from Rhea is -c m Ϫ2 . We suggest that, given the 14 15
1.52 # 10 1.91 # 10 comparison to similar values for Enceladus, geologic activity is unlikely to be currently occurring on Rhea. We do not see forward scattering peaks in the VIMS solar radiance data for Rhea, which supports the idea that particles are larger than micron-scale in Rhea's debris disk. When VIMS solar phase angle coverage for Tethys, Dione, and Mimas comparable to the highest solar phase angles for Rhea is available, this method may be used to rate their potential for plume activity as well.
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